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The faceting process on(®10 is studied with the help of a kinetic Monte Carlo model taking into
account realistic Pt—Pt, Pt—CO, and Pt—O interactions. The activation energies of the allowed
atomic steps are estimated using available computational and experimental data. The model well
reproduces the region in the parameter space where faceting occurs. Under kinetic instability
conditions, the simulated faceted pattern forms a periodic hill and valley structure with a lateral
periodicity of ~140-170 A, which is comparable with experimental data. The simulations
reproduce the development of faceting on a realistic time scale20@ American Institute of
Physics. [DOI: 10.1063/1.180841]7

I. INTRODUCTION lations and the faceting occur in a temperature range
T~400-530K and pressure range-10 °—10 *mbar.
Morphological changes of metal catalysts under opera- Changes in the catalyst morphology are often associated
tion conditions are common phenomenon in industrial cawith the activation or deactivation process. This is a common
talysis. Well-known examples are the roughening of Pt/Rlphenomenon in heterogeneous catafysishich is also ob-
gauzes in catalytic ammonia oxidation, the faceting of Agserved with CO oxidation on B10). Instead of oscillatory
catalysts in methanol oxidation, and also catalytic carborthanges obtained on a flat surface, 6B surface under-
monoxide oxidation on noble metal catalysts show pro-going faceting shows a continuous rise of the Qfoduc-
nounced effecté~1 atm.'~3In general, very little is known tion rate. The increase of the G@roduction rate can be
about the mechanism of these reaction-induced substratgtributed to higher oxygen sticking coefficients ¢h00)
changes under high pressure conditions but single crystateps forming the(430), (320, and (210 facets of hill-
studies of CO oxidation on Pt revealed that reaction-inducedtructure slopes. These orientations which all belong to the
substrate changes are also occurring under low pressufe01] zone can all be built up b§100 step and110) terrace
conditions?~1° These studies provided a rather detailed pic-units. By increasing the density ¢£00) steps the inclination
ture of how the substrate changes on 6lFd surface are angle of the facets grows continuously until the limiting case
linked to a kinetic instability of the reaction. Here we attemptof Pt(210) is reached wher€l00) step and110) terrace units
to conduct a realistic three-dimensiofdD) modeling of the  alternate. This surface exhibiting the highest density of steps
reaction-induced roughening/faceting of Bt0) incorporat-  also displays the highest catalytic activity.
ing details of the adsorption process as well as an atomistic Earlier high-resolution low-energy electron diffraction
picture of the surface phase transiti®PT) 1xX2=1X1 of (LEED) experiment® demonstrated that the facets on
Pt(110. Pt(110 have a symmetric sawtooth shape forming a regular
The clean R1110) surface exhibits a2 “missing row”  structure with a lateral periodicity o200 A in the[110]
reconstruction which is lifted upon adsorption of CO forcing direction. Real space images of 20 surface which has
the surface Pt atoms back into the bulklikexl  undergone faceting during catalytic CO oxidation have been
termination™'~*2 The origin of faceting was shown to be recorded using scanning tunneling microscdyrM).* In
linked to kinetic instabilities, e.qg., kinetic oscillations. These contrast to Rt.10), the faceting of RR10) is associated with
are caused by the surface phase transition which modulatesdecrease of the G@roduction rate because tht00) step
the catalytic activity of the surface. It was found that thedensity is lowered by faceting.
Pt(110 surface undergoes faceting during catalytic CO oxi-  Recent experimental studies of roughening and faceting
dation if reaction conditions are adjusted such that the CQn the CO+ O,/Pt(110) system have been performed by Han
induced Xx2=1x1 SPT accompanies the reactfbr® The ~ Wei et al’® Here we shall reiterate briefly only the main
mass transport of 50% of the surface atoms that is associatexperimental observations to be compared with our simula-
with the transition between thextl and <2 missing row tions. Faceting is observed only under specific reaction con-
reconstruction causes a surface roughening which may delitions illustrated with the help of Fig.(4).° The diagram
velop into faceting under appropriate conditions. The oscilshows the reaction rate.o, versuspco with po, andT being
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ranged in a regular hill and valley structure forming a saw-

(@) I I Pt(110) toothlike pattern with a lateral periodicity 150—200 A in the
surface lfucemngl ; :;?:f\O""Torr [110] direction. Subsequent low-energy electron microscopy
roughening 02 (LEEM) studies revealed that in addition to the microscopic
3 —— Kinetic stable structural changes also the surface t_opography is modified on
- high rate [instabilities| low rate a length scale of 0.1 to several micrometer. These macro-
e . scopic surface changes demonstrated in Figs)—1l(c) ap-
=2 L t,ﬁ,,smo,,l 1x1-CO parently result from the mass transport of Pt atoms. LEEM
8 A~ images of a roughened and faceted surface are shown in
= - H 15
(b) © N_— facetted Figs. ](b)—.l(.C. . . o
: \ The driving force for the faceting of Bt10) differs in its
nonfacetted . . .
LY nature from a simple adsorbate-induced restructuring of the
N\ surface. Faceting is caused by the ongoing surface reaction
0 05 T and is not due to thermodynamical stabilization. This was

pc0(10“ Torr)

(c) Roughened/faceted

demonstrated in a Monte Carlo simulati§iiThe model in-
cluded probabilities for @adsorption, CO adsorption, diffu-
sion and desorption, chemical reaction, and SPT which were

(b) Initial state surface determined in a phenomenological way. The enhancement of
)1: S T j O, adsorption at step sites was taken into account. The simu-
R lation reproduced the development of a regular facet struc-

ture with realistic time and length scales. However, this
simulation was not based on a detailed atomistic description
of the movement of individual Pt atoms.

To provide additional evidence that the formation of ex-
tended(100 steps on a clean @tL0 surface is thermody-
namically unfavorable, we refer to earlier experimental

studies® detecting the “fish scale” pattern which exhibits a
mental conditions for different regimes of catalytic CO oxidation diiF9) pe”OdIC island structure Wlt.h eXtendéml) facets. The I.S-
(Ref. 9. The different regions indicated on top of the rate curve refer to alnland_edgeS are_ formed by Slngl_ZEOO) StEpS-_ The_ pe”Od'C|ty
unfaceted R1.10) surface (b, LEEM images showing surface topographi- Of this pattern is about 1500 A in t801] direction and the
ial Zggr}?es dyetLO rleggtlog-lnduced rloytgf}enmfg- gﬁldﬂof \;Itew It&?mf extension of the islands in thg110] direction exceeds

= , Pco in the mbar range. Initial surfaceshortly after start o . 18 )

reaction is shown in(b). Strongly roughened/faceted surface after exposure10000 A. The_ available dé_ts _SqueSt that Xn super
to the reaction for=30 min is shown in(c). The same area as (rh)) is StrUCtureS, which can form in this case, are more stable than
displayed. Note that the visual impression of a hill and valley structure ina flat 1X2 surface. The geometries exposing more extensive

the LEEM images is misleading. Bright areas indicating a high reflectivity (111) facets are favored because 141 structure is char-
for electrons indicate less roughened surface regions; dark areas showing_a

reduced reflectivity represent more strongly roughened surface(fnosa aCte”Z_ed by |0we_r Su.rface energy. L
Ref. 15. This communication presents a 3D kinetic Monte Carlo

(KMC) model of the CG-0O,/Pt(110) reaction. We start in
Secs. Il and Il with a brief review of recently published data
kept constant. The solid line in Fig(a represents the rate g cO and @ adsorption on different Pt surfaces. A hybrid
curve for an unfaceted At1L0) surface. At low CO pressures, model to be described in Sec. IV combines the KMC algo-
Fco, rises linearly withpco, since the O coveredX2 sur-  ithm for SPT with a mean-field approximation for CO and
face is highly reactive. With increasimito, the reaction rate O, adsorption on the surface. In the last sections we apply
finally drops to the low rate branch where the CO coveredhe developed model to simulate the faceting processes under
1x1 surface inhibits @ adsorption and hence the surface various reaction conditions and compare the results with ex-
reaction. Under conditions when faceting occurs, the rat@erimental measurements.
does not remain stationary, but rises continuously often su-
perimposed with transient kinetic oscillations. The rate bedl. CO ADSORPTION ON Pt(110)

comes stationary again ago, reaches the high-rate branch,  pensity functional theoryDFT) calculations and experi-
as indicated by the arrow in Fig(d. The increase of the mental studies of CO adsorption under low-pressure
rate in time reflects the faceting of the surface which occurgonditiond?*® have revealed a strong selectivity of CO ad-
within typically 10-30 min at 10* mbar. For a faceted sur- sorption with respect to different Pt surface configurations.
face, the position of the rate maximum in the,,, Pco Plot  The Pt atoms on thél10) surface are characterized by dif-
shifts towards highep-o compared to the originally flat sur- ferent coordination numberns varying from 5 to 11. The
face, as shown by the dashed line in Figa)1It has been values of Pt—CO binding energg™“qn) at different Pt
demonstrated by LEED and STM that faceting and roughenatoms vary and this dependence can be approximated by a
ing leads primarily to structural changes on a microscopisimple linear form? shown in Fig. 2. The average value of
scale involving the range from a few to several hundred ange™ “9Qn) is close to macroscopic data for CO desorption:
stroms. In particular, it was shown that the facets are arEjo=—1.4eV (Ref. 19 andESO=—1.651 eV?°

FIG. 1. Reaction-induced roughening/faceting in experimémt.Experi-
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FIG. 2. Dependence of CO chemisorption energy on the coordination num-
ber of Pt atoms. The inclined lin@) is a linear fit to the data in Ref. 12; the FIG. 3. (a) Ball models of different atomic configurations on(Ft0 and
horizontal lines(2) and (3) show the average macroscopic values&8f° oxygen adsorption sites. Possible oxygen adsorption sites are indicated by
used in Refs. 19 and 20, respectively. small black circles(b) (110 terraces(100) steps, and111) microfacets on

a rough Pt110) surface. O atoms adsorbed at fcc, hcp, é@D) step sites

are shown by small black circles.

At low pressure and 300 K, CO molecules diffuse
very rapidly on the R1.10) surface'® To justify this state- . _ .
ment we consider CO diffusion between nearest neighboringlthough precisely these aspects might explain the develop-
(NN) atoms on a RL10) surface. Since the CO molecule van ment of roughening and faceting in the €@,/Pt(110)
der Waals diamete(3.2 A) is larger than the Pt lattice con- System. s _ _
stant(2.78 A in the[110] direction, one can assume that ~ Single crystal studié™* provide reliable data on oxy-
CO adsorption on Pt atoms with>9 is hardly possible. 9€n sticking coefficients and adsorption rates on different Pt
Also, since the number of five-coordinated atoms on the surSurfaces. Table I shows selected values of the oxygen stick-
face is extremely lowthese configurations are unstaplwe ~ Ing coefficients on different Pt surfaces. _
can assume that the highest difference in coordination be- Recent STM experiments and theoretical calculations
tween NN atoms witm<9 (i.e., on which Pt—CO binding demonstrated that oxygen dissociates on the Pt surface, and
can take placewill not exceed 3. According to the linear that the preferred sites for atomic oxygen adsorption have
dependence shown in Fig. 2, this difference corresponds tiyPically high coordination numbers. On(B11) oxygen oc-
AEPC9~0.8eV. Basically, the top layer of axil P(110)  Cupies the threefold adsorption site, on(1PD-(1Xx1) the
. . y . . 6

surface consists of seven-coordinated atoms; atoms unddMidge ?'tegf On a P(110 surface, an oxygen atom can oc-
neath the top layer hava=11. The 12 reconstruction ~CUPY either fcc, hcp, or bridge position, as shown in Fig.
opens nine-coordinated atoms @fL1) microfacets. In this 3(@.”" Selected values of oxygen chemisorption energy on
case, AEP=CC s ~0.54 eV, which is lower than activation different Pt surfaces are summarized in Table II, wtefe©
energies for diffusion of surface Pt atoms varied within thevalues are calculated per one O atom. The theoretical calcu-
range of 0.8—1 e%¥~?" Note that the experimentally deter- lations differ in their quantitative results for(®210). Accord-
mined activation energies for surface diffusion of CO on Ptngd to Ref. 37, the lowest energy adsorption site d1 ) is

vary between 0.17 and 0.56 eV, with an average value bein%?“”d to be the fcc site. The oxygen binding energy on the
around 0.30 e\82° cc site depends on the oxygen coverage and can vary from

—3.91 eV for low coverages te-3.8 eV for the maximum
coverage of the surface. At the same time, the saddle-point
bridge site with an adsorption energy3.87 eV is slightly

Oxygen adsorption on clean Pt surfaces has been a supreferred over the hcp sites with3.7 eV. Saturation of the
ject of many experimental and theoretical investigations in1x2 surfacg1 ML (monolayey with respect to the unrecon-
recent years. Nanoscopic aspects, such as oxygen adsorptistiucted 1 surfacé is achieved when each top atom of the
on Pt microfacets, diffusion of single oxygen atoms in thepi(110) rows has four oxygen atoms adsorbed on adjacent
presence of coadsorbed CO and the influence of the adsor-
bate on diffusing Pt atoms have not been explored in detail

TABLE II. Calculated oxygen binding energies on different Pt surfaces.

Ill. OXYGEN ADSORPTION ON Pt(110)

TABLE I. Oxygen sticking coefficients,, on different Pt surfaces. Surface —EP"©(eV) References O site Method
Surface So References Pt(lOO) 4.587/3.155 36 fourfold hollow LDAGGA?
2 5.129/3.809 36 Bridge LDA/GGA
P100 hex 104-1073 30, 31
P{(100) 1Xx1 0.2-05 30, 31 P{(110 3.91/2.81 37, 38 fcc DFT
3.7/3.0 37, 38 hcp DFT
P{(110—-1x2 0.3 32 3.87/4.0 37, 38 Bridge DFT
P{110—1x1 0.4-0.6 32
P{(111) 4.9-5.87 39 Step sites LDA
Pt(111) 0.06 (300 K), 33
0.025(600 K) 4 ocal-density approximation.

PGeneralized gradient approximation.
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fcc sites, as shown in Fig.(). In contrast, the results of be approximated by a system of ODEs describing CO cov-
DFT calculations presented in Ref. 38 show an opposingrages on different surface configurations. This approach was
tendency: the bridge sites are preferred to the hcp and fagroposed in our recent publicatitdrand compared with the
sites by 1 eV and more, as shown in Table II. simplified model replacing the linear dependence of
Following the rule of high-coordination preference for E?=“Qn) by a constant average value of the CO chemisorp-
atomic adsorbates, one should expect thdtl@f) steps the tion energy. In the present study, we also use a single equa-
preferred oxygen adsorption site should be the fourfold holtion for CO. We make such a simplification because this
low position. Nevertheless, the calculated binding energiesnodel is based on reliable macroscopic datnd repro-
of oxygen on Rt100) presented in Ref. 36 show that the duces dynamics of the SPT on a realistic time scale. More-
most favorable adsorption site is the bridge site, whereas thever, the faceting and also rate oscillations take place under
fourfold hollow site is characterized by a slightly smaller conditions where oxygen adsorption is rate limiting. The
adsorption energy. oxygen sticking coefficient is the most important quantity
In the case of catalytic CO oxidation on(P10) the re-  controlling the catalytic activity of the surface. This quantity
action never formed extended(P®0) areas but only100)  varies as the surface undergoes restructuring.
steps or(100 microfacets with a size below the detection One particular important structural change is the
limit of LEED. For these step sites it has been assumed thdtx2=1X1 transition which has been shown to be respon-
atomic oxygen adsorbs preferably at the fourfold hollowsible for the kinetic instabilities trough the different oxygen
sites. sticking coefficients that are associated with the two surface
Studies of oxygen adsorption on the close-packeghased! The SPT is also the main source for reaction-
Pt(111) surface revealed oxygen saturation at about 0.25 Mlinduced roughening/faceting because it is associated with the
at low oxygen partial pressuresp(§2<1>< 107* mban.®®*  mass transport of 50% of the surface Pt atoms. Clearly the

STM observation® show that O atoms prefer step sites to modeling of the SPT of F110) is the essential part of the
(110 terraces on R111) islands. It has also been found that Whole simulation. The modeling of the SPT transition of
O-0 repulsion on the Pt11) surface is stronger than that on P(110 with the present model has already been demon-
P{(110 since a close-packed hexagonal configuration of thétrated in the preceding pagér.

Pt(111) surface provides smaller distances between neighbor-  Since we do not restrict the motion of surface Pt atoms,
ing threefold sites. The Pt—O chemisorption energy orin principle all possible crystallographic orientations can de-
Pt(111) reaches-—5.0 eV (see Table . As in the case for Vvelop from our starting point of a flat @fL0) surface. In
(100 microfacets, oscillations, and kinetic instabilities in the practice, the low-index planes will be dominant because their
CO+0,/Pt(110) system never caused formation of largehigher thermodynamic stability is incorporated via corre-
(111) areas. sponding jump probabilities in the simulation. Neglecting
atomic-scale roughness we divide the model surface into
only three types of microfacet§100), (110), and(112) with

IV. HYBRID MODEL the (110 microfacets being further subdivided into nonre-
A. Concept of the simulation constructed(1x1) and (1X2) reconstructed area. The hex

In order to make a complex problem such as the res,[rucr_econstruction 0f100 facets is not taken into account be-
ause this reconstruction requires extend@@0) facets

turing of a surface under catalytic conditions tractable, the® h o th . ; v ob 0 st
system has to be simplified as far as possible. The first ste\ﬁ ereas in the expenment we only 0 sendd0) steps
p|ch presumable are single height steps.

consists of separating the processes in the adsorbate la .
P g P % At a temperature of 500 K, an adsorbed CO molecule is

f th bstrate ch . Instead of keeping track of indi- .
rom the subsirare changes. nsead of keeping frack of In Istlmated to make about@L0° hops per second, an oxygen

vidual CO molecules and individual oxygen atoms we treaf )
om about 16 hops per second assuming a frequency factor

the adsorbates as mean-field vaniables averaging over tﬁ% 10"3s~* and activation energies for adsorbate diffusion of
whole surface area or part of it. For the surface reaction wi
P kcal/mol (0.35 eV} and 27 kcal/mol (1.17 eV,

therefore use ordinary differential equatio@@DES based . e . S

on the Langmuir-Hinshelwood scheme of catalytic CO oxi_respectlyely?.g Oxygen diffusion due_to t_he higher bmd_mg

dation. In contrast, for the substrate part we employ a kineti&Ner9Y 1S much slower than CO difiusion. Perfgct_ mixing
Monte Carlo scheme to mimic the motion of individual sur- Wil Ot occur over the model surface area but within a mi-
face Pt atoms. The two parts are coupled together, first, b L il still The th diff f
cause the adsorbate coverages influence the surface diﬁusi8Wnti mn;mgi OV(\;I itll 0 OCCl:jr' 11 1e t.”rgif |.ert(ant. types o
of the Pt atoms stabilizing or destabilizing certain structuraflierotace $(100, (110, and (111 will differ in their reac-

elements. Second, the restructuring of the surface wilfivity and we take this into account by following the oxygen

change the reactivity of the surface which enters the meari:0Verages separately for each type of microfacet.

field equations through a change of the appropriate constantg. Definit ¢ d ad . .
On Pt surfaces oxygen adsorption is known to be highly™ efinition of coverages and adsorption sites
structure sensitive whereas CO adsorption is rather insensi- In our model, we do not keep track of single CO mol-
tive to structural modifications. ecules or O atoms, but describe the adsorbates on different
As discussed in Sec. IlI, equilibrium CO distribution is surface areas as mean-field variables, i.e., coverages gov-
achieved rapidly due to high diffusivity of CO molecules erned by Langmuir-Hinshelwoo@.H) type equations. The
between NN surface atoms. The equilibrium distribution caradsorbate coverag® or absolute coverage, is given by the
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To evaluate the surface fraction of sites available for CO
adsorptionxco (or maximum CO coveragewe determine
the number of Pt atoms with coordination numbe&®
<9 (Ns_g). Then we define

Xco= 2N5_g/Nyot

with xco= 0.5 for the X2 surface ankco=1 for the 1x1
state. Note that at CO saturatioAdo=1), the surface has a
close-packed %1 structure andNs_q=N,=N?Z.

The surface fractions of sites available for oxygen ad-
sorption on(110) terraces(100 and(111) sites are given as

110_ 100_
Xo = a@11N110/Niot,  Xo = @100N100/ Niot»

13 4

R (T (43, “‘5'\

il ieltk 1 itk il X(ljll:alllNlll/Ntotv

FIG. 4 R tation of the(BLO surface(s) The surf iof s ch where N119, Nigo, andN;q; are the numbers of Pt atoms

. 4. Representation of the surface.(a) The surface relief is char- . . N

acterized by the matrix of heights of top sit@steger numberd,). Free top formlng (110)'_ (_100)’ and(11D) sites, as shown in Flg'(b)'
atoms marked by an asterisk are allowed to maeA model showing ~ and the coefficienta;4g, @190, anda;4; denote the numbers
coordination numbers of different atomic configurations and three basiof oxygen adsorption sites per Pt atom(@a0) terraces, and
types of surface atom¢11l) facets, (110 terraces, and100 steps are  (100) and (111) surface areas, respectively. We assume that

marked by f,” “ t,” and “s,” respectively.(c) A scheme of the surface site th . t di t fdep) iti h
labeling. The index shifk is introduced in order to distinguish between ere are maximum two agjacen P positions per el‘i‘g

positions on the same layer and layers above/belkw;—2 Int(j/2) terrace atom(according to Fig. B i.e., a310=2. Thus,xg
={0,for evenj;1,for oddj}. All possible atomic jumps are shown. For a =0.5 for the X2 surface and((l)loz 1 for the 1X1 state. To
given atom{j,i}, 16 new possible positions are determined by combinationgygluate the number @100 step sites we take into account
of indices. . —

Pt atoms which have only one of the twb10] NN atoms,

i.e., there is only one fourfold hollow position corresponding

number of adsorbate atoms/molecules divided by the totatP each(100 step atom; therefore we defmemO:.l. We
number of substrate atoms of the surface. We, however, d%|59 assume thaty;;<1 due to strong O—O repulsive inter-
not include explicitly the number of adparticles because Sucﬁ\ctmns on the{l;l) surfape.

a detailed definition of the coverage matches a macroscopic We also define relative coverages as

value of 6 defined by LH equations. Defining absolute CO  yco=6co/Xco, Y5 o= 05Ix5°,

coveragef-o we “average” over the whole surface area. For
the oxygen coverages we distinguish between three different

types of surface orientation100), (110, and(111). Thus,  \herey, stands for the relative coverage of CO averaged

for oxygen adsorbed o110 terraces(100 and(111) sites  gyer the surface sites with coordination numbersrB<9

we obtaindg°, 6°, and g, respectively. Averaged over and yLl° 100 angylll denote the relative coverages of

the whole surface area, these variables denote surface fra@xygen averaged ovef10), (100, and (111 sites, respec-

tions of the respective orientations covered by oxygen. tively. These coverages vary when the surface undergoes re-
By our definition, the top layer of thel10) surface con-  strycturing even if the number of adparticles remains the

sists ofN;o=2N? atoms®*?**whereN stands for the num-  same. Since nanodomains of different surface orientations

ber of atoms in the topmost layer. Each of the surface atomgre present on a roughened surface the relative coverages
is marked by an |ntegd.[ def|n|ng the uppel’ OCCUpIed |eVe|, become in princip|e local variables.

as shown in Fig. @). We consider two atomic layers of
Pt(110 shifted by half a lattice spacing in thH@®01] and
[110] directions. Different surface atomic configurations are
illustrated by a model in Fig.(®). We define a110) terrace Our choice of kinetic equations is motivated in Sec.
site as a top surface atom bonded to the f#d0] NN IV A. The following set of equations is used in our simula-
atoms, i.e., wher;;=L; ,;=L;j.;, according to the la- tions (Reichertet al!®), which were shown to correctly re-
beling shown in Fig. &). Similarly, a(100 step site is de- produce the essential experimental data for Pt(110)/CO
fined as a top surface atom which has only one of the twot O,:

[110] NN atoms, i.e., Wheri_j'i=Lj_2’i=Lj+2’i+2 or Lj,i

100_ ,100;.,100 111_ 111,111
Yo =00 1Xo", Yo =0571%X5",

C. A mean-field equations

; N a6
=Lji2i=Lj_2;+2. Asurface atom with coordination num- TCO = Pcokqesco(1—Yeo) — k00
bern=9, which is covered by two NN atoms in the higher
layer, may form a(11]) site if the following condition is — O KHOPLLOL 1009100, | 11lglily (1)
fulf"led Lj,i:Lj,i*l+2:Lj,i+l_2 or L]"i:Lj’i,l_z 110
=L;i+1+2. Coordination numbers of the surface atoms are ~ Jfg ad 110 110.2

— _ 201 _
determined in a similar way: for each coordination, a unique at _pozkoz,llosoz (1=Yeo (1Yo
relation for heights of NN atoms can be written according to 10 110
Figs. 4b) and 4c). —k " cols @
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(90100 TABLE Ill. Kinetic parameters used in the modétom Ref. 19.
o =p Kad 5100(1—y )2(1—y10 2
ot 0203,106702 co S Sticking coefficients
_ kloot9 0100’ (3) CO adsorption: Sco 1
. r 7covo 0, adsorption: o) S6s So. Egs.(5)-(7)
a0 i
— ad 11 2 1112 Arrhenius rates exp(—E/R
e Pozkozymsozl(l_YCo) (1-vyo v expCERD
CO desorption: kSO, Vges=5X 108571,
— kMg . pt11 4 Eges=32.3 kcal/mol
r Ocobo (4) (or 1.4 eV
The variables used in Eq&l)—(4) are described in Sec. IVB CO+O reaction: ke v =5X10°s 1,
and kinetic parameters are introduced in Sec. IV D. It should E,=8.1 kcal/mol

be noted that the equations for the adsorbates are coupled 10
the substrate lattice via the corresponding fractions of the
adsorption sites which vary depending on the degree OK/I lue determined f fect sinal i
roughening/faceting of the substrate. Integration of Etjs- o.reover, aSo, value determined for a perlec smg € crys
(4) has been carried out by a Runge-Kutta scheme after eadplline Pt surface may not be equal to that of a microfacet of

Monte Carlo stefisee Sec. IV E and the Appendix for details the Same surface orientation due to size effects.
on Monte Carlo proceduye The experimental data suggest clearly that the oxygen
Because CO and oxygen adsorption sites are not idemﬁiilclk;ngzocoeﬁicient on(100 steps is higher thasg,’ and

cal, the inhibition of oxygen and CO adsorption by adsor-So, " For the sake of simplicity, we assume that the stick-
bates is not symmetrical. CO molecules adsorb atop of Rhg probability of G on (100 steps equals to 1. Apparently
atoms, whereas atomic oxygen occupies fccli€)f) posi-  the behavior 0{100) steps is quite different from that of an
tions, CO adsorption may therefore take place even on agxtended(100) facet. For the latter, depending on whether
fully oxygen covered surface. Accordingly the CO adsorp-the facet is in a X1 configuration or hex reconstructed, the
tion rate in Eq.(1) is only proportional to (*yco). The  sticking coefficient is lower than on @tL0).

dissociative adsorption of an oxygen molecule takes place if  The kinetic parameters used in our model are listed in
(i) two neighboring bridge sites are not occupied by COTable Ill. For simplicity, we assume that the oxygen im-
molecules andii) two adjacent fcc/hcpL00) sites are free of  pingement rate constaikey is constant irrespective of the

O. Thus, the oxygen adsorption rates in E(®~(4) are  gegree of roughening/faceting. The surface reaction con-

i 2 2
proportional to (+Yco)*(1-Yo) . stants on terrace$100) and(111) sites are also assumed to
We assume thdtl10) terrace sites can be transformed by |, equal to the average vallke estimated for R110).°

roughening/faceting int@l00 step sites and vice versa. This gjnce the simulations show that the oxygen coverage of
change in the substrate, in turn, leads to an increase or d?ﬂ]) microfacets is insignificant compared to that(a0)

crease of the relative coverages on the different microfacel races and100) microfacets, we can drop E¢4).
orientations. In the computation we proceed as follows. If at

some time ste, exceeds; due to a sharp decreasexgf, o
we defined, =x; on the next time step, wheie=*“CO” or  E. Kinetic Monte Carlo model

“O.” If the integration time is small, this will not introduce In the substrate part we employ kinetic MC to simulate
an essential numerical error in the simulation. We also notgne movement of Pt atoms on a catalytically active surface.
that Egs.(1)-(4) do not include an adsorbate exchange be-pt atoms can change their position due to activated thermal
tween different adsorption sites. Such an assumption allowmoyvement but the jump probability depends on the relative
ing the equilibrium distribution of the adsorbates during aggsorbate coverage. The adsorbates changes the binding en-
one Monte Carlo step should not affect accuracy of the simuergy of the Pt atom to which an adsorbate atom/molecule is

lation. bonded as well as the activation barrier for the movement of
the Pt atom. Since the higher CO adsorption energy of CO on
D. Choice of kinetic constants the 1X1 phase is the driving force for the CO-induced lifting

) o o 10 100 of the X2 reconstruction, theX2—=1X1 phase transition is
We define the oxygen sticking coefﬁmem‘%2 » SO,

incorporated in the model via the corresponding jump prob-
and 5(13121 in the following form (in accordance with Table:l  apilities of Pt atoms.

Assuming that the population of adsorption sites occurs

s110= 0.6¢,, = 03 on Ix2 (5) according to thermodynamical equilibrium we can calculate
2 0.6 on IX1, occupation probabilities for individual adsorption sites based
S100_ 1 o ©) on a Boltzmann distribution.
0, — ~+-7100 KMC computations involve single jumps of Pt atoms to

s(1311:0'05(111' @ vacant neighboring positions. Only five kinds of paths will
2 be allowed: parallel and perpendicular to fi€l0] direction
It should be noted, however, that experimentally measureécalled, respectively, “vertical” and “horizontal), diagonal
sticking coefficients are in generally only available for mac-and hopping up or down via the leapfrodLF)
roscopic crystal planes but not for isolated single step sitesnechanisnf'~2" We do not consider explicitly long jumps
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FIG. 6. Modification of the activation barriers due to CO andadsorption.

(a) Schematic increase of the transition state enefigy.The vertically/
horizontally hopping Pt atom may interact with two CO molecules marked
by I and II. (¢) The LF hopping can be inhibited by three CO molecules
attached to adjacent sites marked by |, Il, and(H). The diagonal jump can
be inhibited by a one CO molecu{earked by J. (¢) Jumps of a step atom

FIG. 5. Modification of the surface energy due to the adsorbates. The firsjre restricted by repulsive interactions with O atoms attached to the fourfold

four panels(a)—(d) show relative energy levels for a cleax 2 surface and
different CO covered X2 and 1x1 states. Small double black-white circles
denote CO moleculesa) The central Pt atong0) on a clean X2 surface

positions. O atoms are shown by small black circles.

has the energf,. (b) A CO molecule attached atop this atom decreases its

energy by addingE™~C°<0. (c) Further adsorption of CO on the lower
atomic layer[sites (1)—(4)] destabilizes the central atom E°%>0 is

Pt-O
110

Pt-O

andE7y,

whereE are average O chemisorption energies

added. CO molecules adsorbed on the NN sites 5 and 6 interact with coat threefold terrace site$cc) and fourfold (100) step posi-

attached atop the central atorB©~°°>0 is addedl (d) A CO saturated
1X1 surface is more stable than the states shown in paaedsd(c), since
there is no CO adsorption on sites 1+d). Oxygen atoms adsorbed on fcc
and (100 sites modify the energy by addirfg}i;°<0 andEf5, <0 (the
respective energy of the central Pt at@f) is presented O atoms are
shown by small black circles.

and diffusion of atomic clusters, which, however, can be ef

fected through combination of the allowed elementary steps
The diagonal jump can be introduced instead of a displace-

ment via an exchange mechaniéie assume the energy
of a Pt surface atom to be dependent on the Pt occupancy

the four adjacent sites in the same layer and to be modifie

by CO and oxygen adsorption. The modification of the sur

face energy by CO and atomic oxygen is shown schemat

cally in Fig. 5. On completely CO covered<® patches of
the surface, the modified energy of a Pt atom can be e
pressed in the following forriin accordance with Fig.(8)],

E=Eq+EPqn) +4E{y O+ ECC-<9 (8)

where the energy of a Pt atom on a clean surface is deter-

mined asEy=n,E,+n,E, with n,, n, denoting the num-
bers of Pt-occupied verticall 10] and horizonta[001] po-
sitions in the same layer and,, Ey denoting the Pt—Pt
binding energies between the adjacent atoBfg;Cis the
repulsive interaction energy between the central Pt g@m

tions, respectively. We neglect,@dsorption or{111) micro-
facets of the surface.

The adsorbate modification of activation barriers for Pt
atom jumps can be taken into account in a similar way: CO
molecules adsorbed on the sites which are adjacent to the
path of the migrating Pt atom increase the energy of transi-
tion state, as shown schematically in Figa)6 Since the CO
molecule van der Waals diameter is larger than the Pt lattice

constant, diffusing Pt atoms cannot avoid interactions with
CO molecules. As illustrated in Fig(l), the displacements
along or acrosf110] direction may be inhibited by two CO
olecules adsorbed on the two NN sites on the layer below
arked by | and Il in the figupe The LF hopping can be
inhibited by the CO adsorption on the three adjacent sites

i(_I,II,III ) as shown in Fig. @), whereas the atom hopping in

the diagonal way may interact with only one CO molecule

>{_)see Fig. 6)]. Thus, we define the increase of activation

arrierE? of the vertical, horizontal, diagonal, and LF jumps
on the CO covered surface, according to Fig)-66(d), as

0 Pt—-CO
Evert/horiz+ 2e
a_l o Pt-CO
Ei = Ediag+ € (10)
EEF+ BEPT—CO,
0 0 0 i
whereE eynori» Egiag @NdE (¢ are the transition state ener-

gies of Pt atom on a clean (R10) surface anc""Cis the

correction modeling repulsive interaction between the Pt

and CO molecules adsorbed on the NN positions in the layesitom and CO molecules adsorbed on the adjacent sites.

below (1-4); EC©~COjs the repulsive interaction energy be-
tween CO molecules attached to the Pt at@nand its ad-
jacent siteq5,6). It should be noted, however, that the CO
covered X2 state according to E¢8) and Fig. %c) is un-

We also assume that atomic oxygen will stabilize the
(100 steps by increasing the activation barriers for the ver-
tical and diagonal jumps and the LF hopping down of the
step atoms, as shown in Figieh. The transition state energy

stable due to strong repulsive interactions between the cemn the oxygen covered surface can be defined as

tral Pt atom(0) and CO molecules attached to ttie-4) sites
(ERLCC>0).

E?=E’+€ 0, (11

The energy of a top Pt atom on the O covered surface

can be defined according to Figep as follows:

e 2EN° on terraces .
= 0 _ _
2EDTO+ FEDY on (100 steps,

where the index stands for the vertical and diagonal dis-
placements and LF hopping down, a&fd’ois the correction
modeling the increase of transition state energy due to an
oxygen atom attached to the fourfdt00) step position. The
oxygen atoms adsorbed on terraces can easily switch be-
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tween fcc and hcp sites. Oxygen atoms are relatively small pO=(1— yno) +y11° (413EFT F/kgT (18)
and, therefore, the O binding at fcc positions will not restrict

horizontal displacement of terrace Pt atoms.
The rate of a single atomic stgpopping on a clean
surface is expressed in the Arrhenius form,

ri:Vh exq_AEi/kBT), (12)

on terraces or
Pt—
pC=(1-vy} 1107 yy °)+y110(1 leO)e ((213ESE F/kgT

Pt—
+y(1300(1 yllo)e (UAE kg T

 a . L L .
el o 2 e scluslon barer b NOROG enelt s g
Each hopping event on the surface occurs on the averaq)q1 (100) steps.

once in the time interval,= 1/r; . The characteristic time of
the fastest step\t=1/r =1/ (AE;,) can be identified
with a Monte Carlo stegMCYS), i.e., the number of attempts
equal to the surface lattice dimension. This allows us to
translate MC units to real time and probabilities of MC
jumps to actual reaction rates. The probability of an atomidyo= 6,6, exp(2e™"“UkgT)+[6,(1—6,)+(1— 6,) 6, ]
stepP; is defined as

Similarly, one can derive the corrections to activation
barriers on CO and O covered surfaces, respectively. The
following CO modifications have been included for vertical
Oor horizontal displacement:

xexp(e" " TkgT) +(1—6,)(1—6,), (20)
Pi=ri/l ma=tmin/ti=exd — (AE; — AEin) kg T]. (13
diagonaldisplacement:
This means that each free atom on the surface lattice moves
on the average once via tfign path with the probabilityP; bco=(1—6,)+ 6, exp " CIkgT), (21

during the physical time intervalt.

We define a correction to the transition probability aris-
ing due to interactions with an adsorbate as a multiplying Il
factor, which is equal to 1 for the adsorbate-free configura-  p.y= H 6, exp(3e”C9kgT)
tion (6co=0 or 6o=0) and expft/kgT) for the adsorbate i=1

and verticaljump up/dowrto the layer above/beloLF):

covered statef-o=1 or 6,=1) with H modeling the modi- I i
fication of the energy or activation barriékl may be posi- +> (@a-0) I 0; | exp(2€P-CIkgT)
tive or negative depending on the interaction fypccord- i=1 j=1j#i
ing to Figs. %a)—5(d), the corrections to the atomic surface m M
energy arising due to CO adsorption on {l@e-6) sites are +> IT (1-6)|exge®CTksT)
taken into account in the following way: =1 =1j#i .
p1= (1— 00) + 0o exd EPCqn)/ksT], (14 !
s . +i];[1(1_0i)1 (22)
0; exp(4ERN “TkT) + 1-6; 0-)
H 3 sT) igl ( l)jzll_,Lti : where 6,=yco(n) and the sites are numbereb=(l, II, or
III') according to Fig. @). For thehopping of the (100) step
XeXF(sEPt chBT)+2 E ((1_ 0,)(1— 6) atomon an O covered surface configuration the correction
i=1j5T+1 reads
! bo=(1-y&) +yXPexp( Uk T), (23)

x I 0k)exp(2EP‘ C9ksT)
k=1k#1k#] wherei =vert, diag, and LF-down.

The final form of the transition probability reads

4
6 11 (1- 0))exp(EP‘ “UkeT) p( AE;—AEp
Pi=exp ——————

j=1j#i

4
+2,
i=1

(p®°p®)(bcobo) (24

ﬂﬂl (1-6), (15 |t should be noted that in limiting cases the transition prob-
ability has a conventional form: fafico, 65°, 65°=0, the
P3=(1— 0y050g) + 0,050 exp ECOCUKGT), (16)  value of P; is defined by Eq(13). In the case of full CO
co_ saturation(i.e., the unstable CO covered? statg, P; in-
P~"=P1P2Ps, 17) cludes the activation barri&fE; = E?— E defined by Eqs(8)

where ,=yco(n), the indexl runs from 0 to 6 and labels and(10) in Eq. (13), whereas on the O saturated surface the
the NN atoms with the coordination numberThese expres- transition probability is calculated by using E¢8) and(11)
sions have been obtained for intermediate coverddges in Eq.(13).

<#6co(n)<1]. The correction to the transition probability The values of KMC model parameters used in the simu-
due to modification of the energy of terrace ad@0) step lations are summarized in Table IV. Details on computation
atoms by adsorbed oxygen is expressed in the followingf atomic jumps and the model algorithm are presented in
form: the Appendix.
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TABLOE7 I\1/. KMC model parameters(hopping frequency factoryy, (a) T =480 [K]
— 1007 d -1
10107s7), p02k32 =L.113 [s ]
Parameter Valu¢eV) Notes and References
m
E, -0.225 12
= 0.05
EP-Cqn) -1.4 5<n<9, 19
ENC -35 37, 38
EfeyC -4.0 36
ERRC° 0.07 Fit
06 P 1o Ret vh g8,
vert™ Ehor— . 1o Reis.: D ka [S_]
ELF-upidown 11, 22, 23, 25, 26 co*co
E&a%o 0.92 (b) T =520d[K] .
e 0.07 Fit ad _ -
p, k4 =17.87 [s7]
b0 0.25 Fit 02702
heo 0.02 Fit g 7 I
o 0.02 Fit '3 401
AEin 0.81 22, monomers = 7797/
in 1x2 channels Hé\‘ 3'0’/
O 201
1.0 .
0.0 : : ,
V. NUMERICAL RESULTS S0 do S0 60 70
. L Peokoo I8
In Ref. 19, the following macroscopic impingement £07E0
rates for oxygen and CO adsorption on(1RD are * Unfacetted surface
provided: k%d:5_858>< 10°mbarls ! and kgdo:3-135 ¢, Transient oscillations and kinetic instabilities
X 10° mbar *s 1. For isolated single atomic configurations, Y Sustaincd oscillations
however, the values df2% and kao‘i as well as the sticking =~ Final facetted surface

coefficients may differ and exact estimation of these paramgic. 7. Simulated diagrams of GOproduction rate.r co, = k; fcof 65°
eters on roughened surface is hardly possible. Oscillations 689, vspcokis at different values of andpo kg . The O covered %2

and faceting occur in the system under the study only in aoughened surface is obtained in region I. An increasecgfcauses kinetic
narrow region of theco, poz-parametric plané‘?'zoln prin- instabilities and transient oscillations. The dashed curve inside the shaded

ivle. thi . b d db del. but area represents the averagg, on an unfaceted surface. Atomic transport
cipie, this region can be r_epro uce y Our moael, bu r_m'caused by kinetic instabilities leads to a strongly faceted surface (state
merous long run computations are required in order to adjusgion 11y characterized by a highs,. Continuous oscillations occur within a

appropriate values Olk?:% and kg(;. Therefore, we choose narrow region of highepco, near the boundary of stability of the faceted
values of productsaz k%‘:poz and B= k?:((j)pco to obtain a state. At highpco (region lll), the X1 state is established.
dynamical behavior qualitatively similar to that found in the

experiment. Performing a number of simulations in the exyction rate fluctuates within the shaded area of the region I
tended range ofr and 8 one can obtain the conditions for j, Fig. 7.
existence of osdcillationds and faceting and 'Fhen the appropri- As a consequence of the CO coverage oscillations the
ate values okg, andkgg can be found by simple rescaling. spT occurs quite frequently intensifying the mass transport
Exact reproduction of the oscillation diagram o, Po,  of Pt atoms on the surface. A strongly faceted surface is
plane, however, is out of our interest in the present work. generated, as displayed in FiglI8; this state is stable under
In Fig. 7 we plot the CQ production rate versu%%pco reaction conditiongbut it is metastable without reactipn
at fixed kg‘;poz_ Figure 7 shows three different regimes cor- The oscillations vanish, but the rate still gradually increases
responding to those in the experimental Fige)1The simu- L_mtll it reaches th_e h|gh-rate_ branch where it becomes sta-
lations have been carried out for 480 K and 520 K yieldingt'onary- The trar_15|ent os_cnlatlons of the adso_rbatt_e coverages
similar results in both cases. The reaction-induced surfac8Nd 0frco, during faceting are reproduced in Fig. 9. The
structures obtained under varying conditions are illustrated ipverall growth ofrco, can be attributed to the formation of
Fig. 8 by simulations corresponding to regions I, I, and Ill additional (100 steps during faceting. Thel00 steps are
in Fig. 7. characterized by a high oxygen sticking coefficient, thus,
At low pco (region | in Fig. 3, a 1X2 structure charac- leading to an increase in catalytic activity under conditions
terized by small domain sizes and structural defects was olwhere oxygen adsorption is rate limiting.
tained[as shown in Fig. 8a)]. This surface state is associ- Finally, if pco is very high(region Il in Fig. 7), a fully
ated with a high O coverage. An increase @fy but stil  CO covered X1 structure shown in Fig.(8l) inhibits the
within region | causes a strong roughening associated witladsorption of @ and, thus, the surface reaction. No faceting
the development100 and (111) microfacets as shown in can develop due to the absence of a catalytic reaction.
Fig. 8(Ib). As pco enters the region Il in Fig. 7, kinetic A regular faceted surface structure is obtained if the
instabilities and transient oscillations evolve. The Q@o-  computations are carried out on a large lattice<((50” at-
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(a)
1=5000 s
170
001
FIG. 8. P{110 surfaces simulated at differepto and fixed Po, corre- (b) 18 1000 s
sponding to the regimes shown in Fig.(Ta) The 1X2 surface obtained at -10 : : : :
low pco. (Ib) An island structure witH100) and(111) microfacets estab- 18 = 3000 _ ., | p—— e
lished due to an increase @i in the region I.(Il) A strongly faceted ~10 - bl il
surface obtained gicq values corresponding to the region Il in Fig.(7l) 10 Frmy " 5000 s ™= " o
Aflat 1X1 state obtained at higbcg (region Il in Fig. 7. The simulations _1% s ™ e
have been carried out on a lattice ok80? atoms.
10 0000 o
~10 R e P 110

) . ) 0 40 80 120 170 4_T
oms. Figure 10 shows how the surface transforms if condi-
tions corresponding to region Il are chosen. Profile cuts irFIG. 10.(a) A simulated surface of 2 15¢* atoms showing facets which are
the[110] direction taken at different time moments show theformed by(100 steps.(b) Changes in the surface profile during the devel-
development of a periodic hill and valley structure. At opment of faceting. The surface sections at different time moments were

L . ) taken in the 110] direction as shown by the line i@). The periodicity of

~3000s, the average inclination angle OT the _hllls COIMe-54_40 fattice units in thélﬂ)] direction corresponds te-140-170 A.
sponds roughly to facets ¢430 and (320 orientation. The
atomistic structure of the faceted surfacetat3000 dis-
played in Fig. 11 shows that the slopes consistl@0 steps
and (110 terrace units.

With progressing time the slopes of the facets becom
steeper and the structure becomes more regular. An alm
perfect periodic structure is obtained ta¢4000s. Longer
exposure to reaction conditions hardly affects the periodicit
and the inclination angle of the hills. The atomic structure of
this strongly faceted surface is shown in Fig(l)ldisplay-

ing a fragment of the model surfacetat 9000 s. The slope
exhibit multiple heigh{100) steps including small patches of
%210 microfacets. The periodicity of 50—60 lattice units in
0t?;[e[llo] direction obtained in the simulations corresponds
to ~140-170 A, which compares well with the experimental
alue.

A high-temperature simulation without adsorbates shows
that the faceted surface smooths out rapidlyTat700 K.
The profile cuts demonstrating this behavior are shown in
Fig. 12. As an average characteristic of roughening and face-

. @) Q11— | 0.7 ting, one can use the variance of atomic layers measuring the
g;n 0.6 2 0. 618l
5 0.5 ‘\ 0.5
Z 0.4 0.4
0.3 0.3 —
° 03 8o 9100 o110 . t 3000 s
< 0.1 0 < 0.1 (a)
. =100 200 300 400 500 %8 2000 2000 §000 8000
©.0.25 100
=0 y
g 0.2 -0
20.15
o
o 0.1
2
E 0.05
(5]
%100 200 300 200 500 0 2000 4000 6000 8000
4 t =9000 s
—_ 4 P R H R H R H L H HE
T s 3 (b)
5 2
(5‘ 1 1
& oH ol
0 100 200 300 400 500 0 2000 4000 6000 8000
t[s] 1[s] -
110
FIG. 9. Transient oscillations obtained in the simulations with the values of
parameters taken from Region Il in Fig. 7 andlat 520 K. The left column 001

(a) shows initial oscillations =500 s) of the absolute and relative adsor-
bate coverages as well as the £@roduction rate. The right colum(b) FIG. 11. Fragments of the simulated surfaces (50> atomg captured at
presents relaxation to a strongly faceted O-covered state in a long run. t=3000s and=9000 s. The surfaces show different angles of inclination.
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10 M 0y e e e P(110).#1444° Recent studies suggested that in addition to
o " ] . " .

10 = chemisorbed oxygen and CO an additional species, so-called
B : subsurface oxygen might be present under certain conditions
11%[ 535 —-j 1o and might be responsible for some of the phenomena such as
o 40 80 2 ot the standing wave patteri$.Most of the chemical wave

patterns with the exception of those including reversible
FtI)G. 12. Slfmu(ljatlokr)m of restoration of the ﬂzt surfacél'at?OIOKand in Lhe roughening/faceting have been satisfactorily explained with
absence of adsorl atepdo ., Po,: Qco, and 6q are equal to zeno The reaction-diffusion equations.
simulation started from the periodic structure obtainet=a6000 s. . . .
The present simulation extends the range of modeling
the Pt110 system down to nanoscale dimensions. Nearly all

height dispersion of top Pt atoms. Figure(d3shows the e€ssential experimental observations on reaction-induced
variance increasing due to atomic transport caused by thé@ughening/faceting have been reproduced by these simula-
kinetic instabilities. The faceted state is characterized by &ons with the correct time and length scale.

higher variance of top atom layers. A rapid decrease of face- () The different regimes of reaction-induced

ting under heating is illustrated by the variance reduction i'}oughening/faceting imo-parameter space.

Fig. 13b). (i) The development of facets of thie01] zone during

In contrast to a simple modéimentioned in S?C' |, our reaction associated with an increase in catalytic activity due
KMC model cannot reproduce complete restoration of a flat, the formation of reactivé100) steps.

surface after removing the adsorbates at bW extended
patches of a perfe¢il00) surface(of several atomic layers in
heighy form. Our algorithm permits atomic jumps only on
the (110 surface, i.e., a new atomic position can be accepted The severe structural modifications we observe during
only if four corner atoms exist on the layer below. A fourfold the reaction are the result of the coupling of a kinetic insta-
position of adatom on a perfett00) slope is considered as bility with the mass transport of Pt atoms given in this spe-
an overhang with respect to tti@10) section. Such perfect Cific system by the ¥2=1X1 surface phase transition. The
(100 slopes, however, may appear only on the final stages dftrong dynamics which are generated in this way may lead to
the simulation, after the faceted structure forms. Therefored complete restructuring of the surface creating very open
this cannot introduce artificial effects during the develop-and reactive substrate configurations which decay in the ab-
ment of faceting. If the adsorbates are removed until exsence of the stabilizing reaction. The catalyst itself thus rep-
tended patches of a perfe@00) surface appear, the relax- resents a dissipative structure shaped by the reaction. A criti-
ation to a flat surface at loW occurs slowly. At highT,  cal point is certainly whether the roughening/faceting is
however, a flat surface is restored rapidly after the adsorbatéupled with the formation of subsurface oxygen or an ox-

(iii) The formation of a periodic hill and valley structure
on the faceted surface stabilized by the ongoing reaction.

are removed, as shown in Figs. 12 andb}3 idelike specie4! This point needs to be clarified in future
experiments because such a connection would provide an
VI. DISCUSSION additional thermodynamic stabilization of the facets. Experi-

mentally, even an oxide species would be found, it would be

~Of all surface reactions with interesting nonlinear prop-pather difficult to decide whether such a species is a byprod-
erties catalytic CO oxidation on a(®10) surface is clearly ot of roughening/faceting or the actual driving force.

the most thoroughly studied system and by far the system  cjearly with a simplified model used here not all details
with 'the. richest variety qf pheno_rnena: .rate oscillations,ggen experimentally can be reproduced. For example, only
reaction-induced  roughening/faceting, different types Ofgingle atomio100) steps were seen on the faceted surface in
chemical wave patterns including standing waves, “soliton-gyperiment, whereas our simulations allow the generation of
like” traveling wave fragments, chemical turbulence, andpmjiiple height(100) steps. Furthermore, the increase in the
complex wave patterns associated with reversiblegcillation period which accompanies the development of
roughening/faceting of the surface have all been found ORyceting was not found in the simulations. The complex in-
terplay between roughening/faceting and chemical wave pat-
) terns which occurs in the channel-like structures observed
T=700K with LEEM could not be reproduced for principle reasons
because we used an ODE system to describe the adsorbate
coverage$® In future simulations this aspect could be taken
into account by transforming the ODE system into a system
of partial differential equations. The more general problem
0 1000 2000 3000 0 5 10 15 which has to be solved for such simulations is that of the
t[s] t[s] proper combination of vastly different time and length

flat surface

FIG. 13. The variance of atomic layers as a measure of height dispersion cﬁcales'

the top Pt atoms(a) The variance increases due to atomic transport caused

by the kinetic instabilities. The faceted state is characterized by a high/lIl. CONCLUSIONS

variance of top atom layeréh) Simulation of the thermal reordering process . .

for a faceted surface &=700K, pco=0, po,=0, fco=0, andfo=0. A We have developed a nanoscale model of faceting in the

flat surface is restored during the heating. CO+ 0, /Pt(110) system taking into account realistic values
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of activation barriers for single atomic jumps or{Ht0). The 110
Pt—Pt, Pt—CO, and Pt-O interactions have been extracted L
from recent experimental data and DFT calculations. Our 1
simulations show that the SPT modeled by the KMC method 0
coupled with an ongoing C®0, reaction modeled in the )

mean-field approximation leads to the development of a
regular facet pattern, similar to that detected experimentally. i !
This facet pattern forms a periodic hill and valley structure before jump: -1 1
with a lateral periodicity of~140—170 A, which is compa-
rable with the experimentally detected value. The simula-
tions reproduce the region ipco parameter space where FIG. 14. Change of the atomic layer tagat two lattice nodes associated
faceting occurs. The development of singl€0) microfacets ~ With one jump.

is associated with an increase in catalytic activity, since the

(100 microfacets are characterized by a high oxygen stickby two as shown in Fig. 14, and the computation returns to
ing coefficient. In our simulations, the faceting processstep 1.

after jump: 1 -1

evolves on a realistic time and length scale. This procedure is repeated\2 times. Following this,
time is incremented byt. The numerical data are collected:
Xco, X520, and x>, fractions of the surface phas#s,;
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